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Introduction
Merging galaxies play a crucial role in the evolution of galaxies. One of the most favorable models in galaxy evolution describes massive galaxies forming through major mergers, that is, the ΛCDM model (Cole et al. 2000) . A merging system arising from two gas-poor galaxies is called a dry merger. By contrast, a merger system arising from two gas-rich galaxies is called a wet merger. Wet mergers usually ignite additional star formation (Nikolic et al. 2004; Lin et al. 2007 ), while dry mergers are suggested to involve in the stellar mass growth of massive galaxies (van Dokkum 2005; Lin et al. 2008) . To unveil the process of galaxy formation and evolution, it is important to estimate the stellar mass of different types of mergers at high redshifts.
Galaxies transform their appearance during galaxy merging. Merging galaxies consist of unusual structures, such as bridges or tails, which are caused by a tidal force between galaxies (Toomre & Toomre 1972) . Thus, the disturbed morphology of merging galaxies is a clear indication of merging systems. Because the morphology of merging galaxies varies, no reliable method can recognize merging galaxies automatically. Using visual inspection, several studies have searched for merging systems or close pairs such as the Galaxy Zoo project (van Dokkum 2005; Ellison et al. 2008; Darg et al. 2010; Sheen et al. 2012 ). However, adapting visual methods requires abundant manpower and is highly time-consuming; an effective method of identifying
The catalog is only available at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/600/A28 merging galaxies automatically is in demand. Hwang & Chang (2009) developed an algorithm to separate normal and disturbed galaxies. They inspected the results derived from the algorithm with the naked eye before designating the merging galaxies and identified 15 147 merging galaxies from the Red-Sequence Cluster Survey 2 data (RCS2; Yee et al. 2007; Gilbank et al. 2011) .
Numerous studies have determined the stellar mass of galaxies by using near-infrared observations (Bundy et al. 2005; Davoodi et al. 2006) or spectral synthesis fitting to optical spectra (Kauffmann et al. 2003; Tremonti et al. 2004) . Generally, the mass of a galaxy is in an approximate range from 10 9 to 10 12 M . Although near-infrared observations are often used to estimate the stellar mass, they are more complex and difficult to use than optical observations. Also, with poor resolution, there might be some contamination from neighboring stars or galaxies. By contrast, optical observations are excessively affected by dust. Regarding the aforementioned conditions, employing an appropriate optical wavelength without significant dust extinction is highly useful in estimating the stellar mass.
The optical y -band observations can effectively pass dust extinction. The center wavelength of the y band is 10 000 Å; the wavelength of the y -band is between the optical wavelength and the near-infrared wavelength. Furthermore, y -band observations can be employed to study high redshift quasars and galaxies (Choi et al. 2012) . Therefore, these observations might be a suitable tool for investigating stellar mass and galaxy evolution.
The first y -band sky survey was conducted using the Panoramic Survey Telescope and Rapid Response System (Pan-STARRS; Hodapp et al. 2004 ). The prototype of the Pan-STARRS, called Pan-STARRS1 (PS1), is a 1.8-m telescope located on Mount Halekala in Hawaii with a field of view of 3.3
• . In this study, we used the y -band images of Pan-STARRS to investigate the stellar mass of merging galaxies selected by Hwang & Chang (2009) . We present our data reduction in Sect. 2 to describe our photometric process. In Sect. 3, we provide the stellar mass of merging galaxies. Finally, we discuss the stellar mass estimation of merging galaxies and the role of stellar mass in galaxy evolution in Sect. 4. We assume that the Hubble parameter H 0 = 70 km s −1 Mpc −1 , Ω m = 0.3, and Λ 0 = 0.7 throughout this paper.
Data reduction and analysis
We used the stack images (data release Version 3) of the Pan-STARRS 3 π survey to measure the combined r -, z -, and y -band photometry of both components of a merging system. To obtain accurate photometric results, we used the homomorphicaperture method to measure these merging galaxies (see also Huang & Hwang 2017) . We first created clean images by producing mask images and subtracting the background. We then generated a binary image by applying a threshold to the clean images; in the binary image, a pixel would have a value equal to 1 (0) if the corresponding pixel in the clean image was higher (lower) than the local threshold. The threshold was determined empirically depending on the quality of the images. A low threshold may detect more faint signals, but might be contaminated by more noise. We used 4σ (the standard deviation of the background) as our threshold for the Pan-STARRS y -band images after testing sources with known fluxes. A group of connected pixels that had a value equal to 1 in the binary image was considered as a source object. We employed the shape of the source object to create a homomorphic aperture for the source by dilating the source shape using the DILATION image operation, which extends the size of the object boundary by one pixel (Heijmans & Ronse 1990) . Two dilations on the source objects were applied to obtain the homomorphic apertures (see Fig. 1 for an example).
Calibration with the SDSS
The zeropoints of PS1 stack images had been scaled to 25. To obtain accurate photometric results for the merging galaxies, stars from the Sloan Digital Sky Survey (SDSS; York et al. 2000) were employed to perform the calibration. The magnitude data of the stars were derived from the SDSS DR9 (Ahn et al. 2012) archive. We set the following criteria when selecting the calibrating stars: (1) the stars must be within a 3 radius of our targets; (2) the r -band and z -band magnitudes of the stars must be between 15 and 22.
Because no y -band observation is available in the SDSS, the translation equation and parameters provided by Tonry et al. (2012) were used to obtain the y -band magnitudes of the stars. Tonry et al. (2012) derived a relation between the z -band of the SDSS and the y -band of the PS1 for stellar objects. We could thus obtain the expected y -band magnitudes of the calibrating stars from the SDSS z -band magnitudes. However, only the stars with g − r > 0.3 can suitably fit in their relation (Fig. 6 in Tonry et al. 2012) . Thus, only the stars with g − r > 0.3 from the SDSS were employed to perform the magnitude translation with the quadratic conversion formula:
where x refers to the color of g −r in the SDSS; y is y PS1 −z SDSS ; A 0 is 0.031; A 1 is −0.106; and A 2 is 0.011 (Tonry et al. 2012) .
Because the limiting magnitude of the PS1 y -band observations is approximately 20, we retained only the stars with derived y -band magnitudes brighter than 20 for the calibration. In addition, to achieve accurate calibrations, only merging galaxies that had more than four calibrating stars were considered. We also used the same homomorphic-aperture method and set the same 4σ threshold on the calibrating stars for consistency in estimating the magnitudes.
We then compared the results of the stars between the PS1 and the SDSS. We estimated the difference of each star between the PS1 and SDSS in each band:
After obtaining the difference of the stars, we calculated the mean difference of the calibrating stars of the merging galaxy.
We then compared the individual difference with the mean difference:
We empirically determined that if the Di f f 1 value of a star was less than 1, it was a suitable star to be used in the fitting process; otherwise, we excluded the stars of which the Di f f 1 value was greater than 1, which indicated that there was substantial difference between the PS1 and the SDSS observations. After excluding the unsuitable stars, we derived the mean difference again from the available stars. The mean difference (MD) was regarded as the calibrating difference between the PS1 and the SDSS,
We used the calibrating difference to calibrate our merging galaxies. Using the calibration process, the composite PS1 magnitudes of the merging galaxies were calibrated to the SDSS ones.
In total, we obtained calibrated photometry of 4698 merging galaxies, and their merged colors are shown in Fig. 2 . The calibrated photometric results of the first 20 merging galaxies of the catalog are listed in Table 1 . The complete catalog is available at the CDS and contains the following information. Column 1 gives the ID number of the source, Cols. 2 and 3 list the coordinates in degrees (J2000), Cols. 4, 6 and 8 represent r -, z -, and y -band magnitudes after calibration with SDSS data, and Cols. 5, 7, and 9 give photometric uncertainties of r -, z -, and y -band data. Notes. Column 1: ID number of merging galaxies. Column 2: RA in degrees (J2000). Column 3: Dec. in degree (J2000). Columns 4, 6, and 8: r -, z -, and y -band magnitudes after calibration with SDSS data. Columns 5, 7, and 9: photometric uncertainties of r -, z -, and y -band data.
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Results

Preliminary classification and stellar mass
We classified our merging galaxies into three different types on the basis of the CFHT g − r and r − z colors. Firstly, we applied the homomorphic method to the CFHT images to get composite g -, r -, and z -band photometry of merging systems. Secondly, we defined color regions of dry mergers, wet mergers, and mixed mergers on the basis of color evolutionary tracks with redshifts that are derived from galaxy templates ( Fig. 3 ; see also Huang 2011; Coleman et al. 1980; Kinney et al. 1996) . Mergers with composite colors in the elliptical region are classified as dry mergers, while mergers with combined colors in the starburst region are considered as wet mergers, and those objects with merged colors in the Sbc/Scd regions are regarded as mix mergers. It should be noted that our classifications are on the basis of blurred-together colors of both components of a merging system (e.g., luminosity-weighted combined colors), which is different from the original definition of "gas-rich wet mergers" or "gas-poor dry mergers" (e.g., Lin et al. 2010) . For comparison, we show an example of mergers of PS1 r -and y -band, CFHT r -band, and SDSS r -band in Fig. 4 .
To derive the relation between the y -band and stellar mass, we obtained the luminosities of the merging galaxies by using the spectral redshifts (spec-z) from the SDSS DR10 (Ahn et al. 2014) . Approximately 200 merging galaxies in our sample have an available spec-z. We also obtained the 3.4 µm data of the merging galaxies from the Wide-Field Infrared Survey Explorer (WISE; Wright et al. 2010) archive to estimate stellar mass (Wen et al. 2013 ). Due to the poor resolution of the WISE 3.4 µm data (6 ), we adapted photometry results directly from the WISE point source catalog instead of using the homomorphic-aperture method. To estimate the K-correction values, we adopted the elliptical, Sb/Sc, and starburst templates from Kinney et al. (1996) as the spectral energy distribution (SED) of the dry, mix, and wet mergers, respectively. The K-correction is defined as:
where T (λ) is the SED of the object and S (λ) is the filter response function. Following the definition, we convolved the templates with the response function of the Pan-STARRS y -band filter and the WISE 3.4 µm filter to obtain the K-correction value of each galaxy.
After performing the K-correction, we compared y -band luminosity with the stellar mass derived from 3.4 µm luminosity for these merging galaxies (Fig. 5) . The following equation represents the relation between the y -band luminosity and the stellar mass for various color-merging galaxies. The equation can be written as Here the parameter A denotes magnitude in y'-band luminosity, and the parameter B is color index of different types of merger: A = 0.72 and B = 4.42 for dry mergers; A = 1.12 and B = −0.42 for wet mergers; A = 0.84 and B = 2.74 for mix mergers.
Figures 6 and 7 provide the stellar mass and spec-z distribution of the mergers. The stellar mass of the dry mergers is between 10 11 and 10 13 M , and that of the wet mergers is usually approximately 10 11 M or less. In addition, the dry mergers distribute at higher redshifts than the wet mergers do (Fig. 7) ; the dry mergers distribute at redshifts of approximately 0.4−0.6, but most of the wet mergers distribute at redshifts of 0.2−0.3. Evidently, the stellar mass of the wet mergers is not as massive as that of the dry mergers. The luminosities of the wet mergers are usually weaker than those of the dry mergers; therefore, we could only detect the nearby wet mergers.
Stellar mass with photo-z
Because most of the mergers had no spec-z information, we estimated their luminosities by using the photometric redshift (photo-z) information. We first examined the relation between the spec-z and photo-z for 167 mergers with spec-z. We adopted the photo-z and spec-z data from SDSS DR10 (Ahn et al. 2014) . Figure 8 shows the relation between the spec-z and photo-z for three different types of merging galaxies. We found that the photo-z data are strongly correlated with the spec-z data. This result indicated that we could use the photo-z to estimate the y -band luminosity and to derive the stellar mass of the merging galaxies. We noted that uncertainties of photo-z for a particular spec-z photo-z Fig. 8 . Relation between photo-z data and spec-z data. Red diamonds: dry mergers; blue diamonds: wet mergers; black diamonds: mixed type.
source might be large; however, the distribution of the photo-z should represent the true redshift distribution of the sources in general, and the distributions of the physical quantities (e.g., luminosities) derived from the photo-z can thus provide useful information.
Approximately 3800 merging galaxies in our catalog had photo-z data. Figures 9 and 10 provide the results of the merging galaxies with photo-z. We determined that the distributions of the stellar mass were similar to the results derived using spec-z. The dry mergers were concentrated at approximately 10 11 −10 12 M , and the wet mergers peaked at 10 10 M . More wet mergers included photo-z, possibly because more faint wet mergers occurred, and these mergers are more difficult to observe using spectroscopy.
Discussion
We obtained the PS1 photometric results of merging galaxies by using adaptive apertures. The PS1 also provided photometric results in the Desktop Virtual Observatory (DVO). The DVO is a database that stores the observed results from PS1; the data in the DVO are derived after photometric and astrometric calibration. Because the results of the DVO are considered well-established and are widely used by the PS1 community, comparing our results with those from the DVO is crucial.
We first determined the color of the merging galaxies from the DVO. To avoid the confusion caused by astrometric uncertainty, we only considered the sources that had no double identifications. A total of 2022 merging galaxies in our catalog with PS1 y -, r -, and z -band photometric data were obtained from the DVO database. We plotted the color−color diagram of the DVO results, as illustrated in Fig. 11 ; the colors are highly scattered, suggesting that substantial errors might exist in the DVO data.
To investigate the possible origin of the errors in the DVO, we reprocessed the sources with extreme colors by using our homomorphic-aperture process for the PS1 y -, r -, and z -band images. We applied our algorithm and reprocessed the sources with the following three color regions: r − z < −1; z − y > 2, 2 < r − z < 3 and 0 < z − y < 0.5 to obtain the new photometric results. Figure 11 displays the reprocessed results. The reprocessed results distribute near the central region of the color−color diagram without substantial scattering. This suggests that the DVO photometric data might not provide an accurate estimation for these extended sources. However, the sources within the color region 2 < r −z < 3 and 0 < z −y < 0.5 maintained their original colors, indicating that the particular color distribution was not caused by data reduction errors. On the basis of the color-redshift relation of different types of galaxies derived from spectral templates (Coleman et al. 1980; Kinney et al. 1996) , we concluded that the sources with the extreme color 2 < r − z < 3 are likely to be distant giant elliptical galaxies (see Fig. 3 ).
We also compared the y -band luminosities derived using our methods with the results of the DVO. Figures 12 and 13 provide comparison of the luminosity relations between the y -band and the WISE 3.4 µm data of the DVO and our results for both dry and wet mergers. The linear relations between the y -band and the WISE 3.4 µm data seem highly favorable for both the DVO and our results. However, the scatters of the DVO results are substantially larger than those of our results, suggesting that the uncertainty of the DVO measurements is considerably larger than that of our results. These merging galaxies are all extremely faint sources containing extended structures that are highly difficult to detect. Therefore, dedicated apertures and photometry are required. Processing these extended faint galaxies by using the automatic processes of the DVO package might be difficult. Our adaptive aperture method performed substantially more favorably than the DVO in measuring these extended faint sources.
Under the assumption that the 22 µm data of the WISE can be the star formation rate (SFR) indicator, we used the flux ratio of the 22 µm and y -band data as the specific SFR (sSFR) indicator to compare the dry and wet mergers. Since some merging systems can be resolved as two galaxies at optical bands, the sSFR we estimated is a "luminosity-weighted" indicator. Figure 14 provides the sSFR of the dry and wet mergers; the distributions of the sSFR are similar between the dry and wet mergers. The dry mergers might have a high SFR because they are more massive (10 12 M ). We examined the spectra of these massive dry mergers; only four dry mergers have SDSS spectra. Most of these luminous "dry" mergers have signatures of star formation, such as [O II] λ3727 emission line, and only one dry merger has a non-star-forming spectrum. We suggest that the dry mergers with star-formation signatures might be dusty starforming galaxies.
Misclassification of merger types might be caused by overlaps between edges of different regions or dust reddening, and this will lead to uncertainties of photo-z. Firstly, the wet mergers with redshift >0.5 might be identified as the mix or dry mergers with redshift <0.5. The effect can be clearly seen in Fig. 7 ; some outliers are located in the lower-right region with spec-z >0.5 and photo-z <0.5. Thus, ∼6% (2/33) of the wet mergers, ∼10% (5/50) of the mix mergers and ∼4% (3/84) of the dry mergers with photo-z <0.5 might be originally the wet merges with redshifts >0.5. Secondly, the mix mergers with redshift >0.5 might be identified as the dry mergers with redshift >0.4. The relation between spec-z and photo-z of the dry mergers are more scattered at higher redshifts, some outliers, for example, are located at spec-z =0.6 and 0.6 < photo-z < 0.8. Therefore, ∼6% (5/84) of the dry mergers with 0.6 < photo-z < 0.8 might be originally the mix merges at redshifts z = 0.5−0.6. Bundy et al. (2005) and Naab et al. (2006) inferred that massive galaxies are formed by two or more merging processes in low redshift regions. However, according to our results, the dry mergers usually occur at redshifts larger than 0.4, indicating that no dry mergers were detected in the nearby Universe. This might be due to selection effects: (1) as shown in Fig. 3 , the dry mergers at redshifts less than 0.4 are misclassified as mix mergers; (2) Hwang & Chang (2009) set a size limit as a criterion when selecting the merging galaxies. They employed the size range from 20 to 100 pixels (3.74 to 18.7 ) to select distant merging candidates. The fact that no nearby dry mergers were detected suggests that nearby dry mergers must be larger than the size limit and were excluded during the selection. By contrast, the wet mergers can be detected over the entire redshift range 0 < z < 0.7; all the nearby mergers are wet mergers. The nearby wet mergers must be sufficiently small to be selected, but the distant wet mergers must be large enough to be detectable. These results suggest that small and large wet mergers exist, whereas only large dry mergers exist. Bundy et al. (2005) demonstrated that the stellar masses of normal galaxies are approximately 10 10 −10 11 M in the 0.55 < z < 0.8 region. This result is comparable with the stellar masses of the merging galaxies. Our results indicate that the stellar masses of the wet mergers also distribute near 10 10 −10 11 M ; by contrast, the stellar masses of the dry merging galaxies were concentrated at 10 11 −10 12 M . Because the dry mergers processed several galaxy interactions, their masses are generally larger than those of the wet mergers. Our results illustrate that some of the dry mergers could be as massive as 10 13 M . Normal, elliptical and S0 galaxies, which might have encountered major mergers during their evolution, are usually more massive than spiral galaxies (Brinchmann & Ellis 2000) . The mass distributions of the dry and wet mergers are similar to those of elliptical and spiral galaxies, respectively.
Summary
We obtained the Pan-STARRS r -, z -, and y -band photometric results of 4698 mergers by applying the homomorphic-aperture method, and estimated their stellar masses.
1. We set the detection threshold at 4σ and obtained the specific shapes of the merging galaxies for the photometric apertures. 2. We found that the homomorphic-aperture method can obtain more reasonable results than the DVO photometry can for some extended sources. 3. We discovered that the 3.4 µm luminosities of the WISE and the Pan-STARRS y -band luminosities are well correlated. Because the 3.4 µm emission is a favorable indicator of the stellar mass of galaxies, we could use the y -band results to estimate the stellar mass of galaxies. 4. We derived new relations between the Pan-STARRS y -band luminosities and the stellar masses of the merging galaxies. 5. We found that the stellar masses of merging galaxies are approximately 10 10 −10 12 M ; some of the dry mergers could be as massive as 10 13 M .
